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Gene deliveryThe combination of cationic lipids with cationic peptides and DNA vectors can produce synergistic effects in
gene delivery to eukaryotic cells. Binary complexes of cationic lipids with DNA are well-studied whereas little
information is available about the structure of the ternary lipid/peptide/DNA (LPD) complexes and mecha-
nisms deﬁning DNA protection and delivery. Here we use synchrotron small angle X-ray scattering and dy-
namic light scattering zeta-potential measurements to determine structure and the net charge of
supramolecular aggregates of complexes in mixtures of plasmid DNA, cationic liposomes formed from
DOTAP, plus a linear cationic ε-oligolysine with the pendant α-amino acids Leu-Tyr-Arg (LYR), ε-(LYR)K10.
These ternary complexes display multilamellar structures with relatively constant separation between
DOTAP bilayers, accommodating a hydrated monolayer of parallel DNA rods. The DNA–DNA distance in the
complexes varies as a function of the net positive to negative (lipid+peptide)/DNA charge ratio. An explana-
tion for the observed dependence of DNA–DNA distance on charge ratio was proposed based on general poly-
electrolyte properties of non-stoichiometric polycation–DNA mixtures.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Synthetic vector-based gene delivery relying on chemical princi-
ples has gained much interest for its safety, biocompatibility and po-
tential for large-scale production [1,2]. Its development offers the
potential to circumvent the limitations of viral gene delivery in both
basic research laboratories and clinical settings [3]. Phospholipids
and peptides are frequently used gene delivery materials [4]. Recent-
ly, ternary lipid/peptide/DNA (LPD) complexes have been developed
as a promising gene transfer tool [1,5,6]. The improved gene delivery
performance of the LPD complex compared to the corresponding bi-
nary systems was observed in many cases and studies of the mecha-
nism behind this effect has received much attention [7–12].
Our previous ﬁnding suggested that a novel class of synthetic
cationic peptides, namely branched ε-oligolysines, based on linear
ε-oligolysines with short α-amino acid chains attached to
each residue of the main chain (Fig. 1), can cover DNA on theof positive to negative; dDNA,
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l rights reserved.surface of ternary multilamellar complexes of cationic lipids
(DOTAP)/ε-oligolysine/DNA [12]. Caracciolo et al. reported that DNA
was found at the surface of lipid/DNA particles (lipoplex), while this
was not found for lipid/protamine/DNA complexes [11]. In studies of
lipoplexes, Oberle et al. found that the imperfection in the lipid/DNA
complex formation leads to a partial exposure of plasmid DNA on the
surface of the particles [13]. The partial DNA exposure may cause com-
plex clustering and interact with cellular components, thereby inhibit-
ing transfection. Huebner et al. observed this phenomenon for
lipoplexes using cryoelectron microscopy as a multilamellar structure
with unclosed bilayers at high charge ratio lipid/DNA (lipoplex with
open rims of the outer lamellae at low L/D [14]), suggesting that imper-
fections in lipoplexes occur irrespective of the charge ratio.
Liposomes from cationic phospholipids condense DNA, resulting
in a self-assembled complex with ordered structures, which were ex-
tensively studied by synchrotron small angle X-ray scattering (SAXS)
and shown to inﬂuence transfection activities [15–19]. Saﬁnya and
co-workers reported that DOTAP/DNA complexes exhibit a multila-
mellar structure [15]. Inside the complexes, the periodic distance of
the multilamellar structure suggested a monolayer of hydrated DNA
intercalated between lipid bilayers [15]. Within the layer, the DNA
chains are orderly arranged in parallel and give rise to a DNA–DNA
correlation peak (qDNA) in SAXS spectra [15]. In our previous study,
we found self-assembly of the three components (liposome prepared
from DOTAP, ε-oligolysine and DNA) to ordered multilamellar com-
plexes as illustrated in Fig. 2. In the cited work, the charge ratio of
lipid DOTAP to DNA (L/D) was ﬁxed and equal to 2 and the charge
Fig. 1. Chemical structure of α-substituted derivatives of ε-oligolysine ε-(LYR)K10 studied in this work.
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resulting in overcharged complexes [12]. Peptides distributed in the
DNA layer are associated with DNA and contribute to DNA charge
neutralization [12]. The structural information was found to be con-
sistent with the observed synergistic effect of DOTAP and ε-
oligolysines improving DNA delivery compared to the binary lipid/
DNA system [12]. This ﬁnding gave an insight about the internal
nanostructure of the transfection complex. However, the understand-
ing of the physico-chemical mechanism in formation of the resulting
overcharged complexes is still limited.
The dependence of DNA–DNA distance, dDNA, on the positive to nega-
tive charge ratio (L/D) was reported for lipid/linear DNA complexes,
where either cationic lipid or its mixture with neutral lipids was used
[17]. In the present work, the inﬂuence of the lipid and peptide composi-
tion on the structure of LPD complexes, DOTAP/ε-oligolysine/DNA
mixtures with variation of the total lipid+peptide/DNA charge ratio
(CR+/−) from 1 to 7, was examined by synchrotron small angle X-ray
scattering (SAXS). Since both lipids and peptides provide positive charges
in the ternary complex, various lipid–peptide mixture compositions are
tested, as indicated by the charge ratio lipid/DNA (L/D) and peptide/
DNA (P/D). Itwas found that theDNA–DNAdistance in the lamellar struc-
ture and the surface charge density (measured by dynamic light scatter-
ing zeta potential measurements) of the particles is mainly dependent
on the total charge ratio CR+/−. For a givenCR+/−, theDNA–DNAdistance
is insensitive to the changes of L/D and P/D. It is suggested that theFig. 2. Schematic picture illustrating the lamellar phase of DOTAP/ε-peptide/DNA com-
plexes, with alternating lipid bilayers and DNA monolayers. Peptides are arranged be-
tween DNA chains within the DNA monolayers. The DNA interaxial spacing is dDNA.
The interlayer spacing is d=δm+δw. The top layer of DNA and peptides associated
with the lipid surface illustrates the surface of the overcharged aggregates.ordered multilamellar structure is maintained by lipid–DNA interaction,
whereas the internal organization of the hydrated DNA in the LPD com-
plexes is sensitive to the total balance of positive and negative charges.
This implies that peptide molecules are present inside the multilamellar
stacks between DNAmolecules and that they also inﬂuencing the surface
charge of the LPD aggregates by association at the surface of the particles.
We suggest a simple explanation for the observed variation of dDNA with
CR+/− based on an electrostatic analysis of the thermodynamics of non-
stoichiometric polycation–polyanion mixtures. This study gives impor-
tant general information about the physico-chemical mechanism of
phospholipid–peptide–DNA self-assembly and contributes to the under-
standing of the biophysical properties of LPD systems, which aids in fur-
ther development of these as non-viral gene delivery vehicles.
2. Materials and methods
2.1. Materials
2.1.1. DNA
The plasmid pEGFP-N1 (4.7 kbp) encoding the green ﬂuorescent
protein GFP was used. The plasmid was ampliﬁed in the Escherichia
coli DH5α strain and extracted by alkaline lysis method. The DNA
used in present work was the same as applied for transfection and
biophysical studies in our earlier work [10,12].
2.1.2. Peptides
As cationic peptide we used an ε-oligolysine with degree of poly-
merization 10 and α-amino acid triplet, Leu-Tyr-Arg (LYR) attached
to each of the α-amino group of ε-oligolysine, ε-(LYR)K10, (Fig. 1).
ε-(LYR)K10 was synthesized using solid-phase peptide synthesis as
described in detail in earlier work [10]. The peptide stock solutions
(5–25 mg/ml) were prepared in sterile, double-distilled water from
lyophilized triﬂuoroacetic salt. In solutions of neutral pH, amino
groups of the ε-(LYR)K10 should be fully protonated and the peptide
carries a charge +21e.
2.1.3. Lipids
DOTAP (1,2-dioleoyl-3-trimethylammonium-propane, chloride salt)
andDOPE(1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine,
chloroform) used in SAXS sample preparation were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). DOTAP solution in chlo-
roform was dried under vacuum at room temperature for 1 h and
dissolved in deionized water to concentration 25 mg/ml. Resus-
pended DOTAP was either extruded by LiposoFast-Basic with
100 nm polycarbonate membrane (Avestin, Inc., Canada) or sonicat-
ed with 1 s pulse of 30% amplitude for 10–15 min to clarity by tip
sonicator Sonics vibra cell™ (Sonics &Materials Inc., USA). The fresh-
ly prepared DOTAP liposomes (mean hydrodynamic diameter of
~100 nm and polydispersity of ~0.1 according to DLS measurement)
were stored at room temperature. Liposomes comprised of binary
mixture of DOTAP and DOPE are prepared as abovementioned
after mixing DOTAP and DOPE chloroform solution at ф DOPE (weight
fraction)=0.75.
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2.2. Complex preparation
2.2.1. SAXS samples
Lipid/DNA complex was formed by mixing 100 μg plasmid DNA
in 75 μl HBS buffer (pH 7.05, 25 mM HEPES, 70 mM NaCl, 0.75 mM
Na2HPO4) with a proper amount lipids in 75 μl HBS according to
the charge ratio lipids to DNA (L/D). Lipid/peptide/DNA complex
was formed by combining 100 μg plasmid DNA in 75 μl HBS with
the mixture of lipid and peptides in 75 μl HBS, where the amount
of lipid and peptide is determined by the charge ratio lipids to
DNA (L/D) and charge ratio peptide to DNA (P/D). Since both pep-
tides and lipids carry positive charges, the charge ratio of positive
to negative (CR+/−) is deﬁned as the sum of the L/D and P/D. The
complexes were sealed in 2 mm quartz capillaries (Charles Supper
Company, USA) and centrifuged to force precipitates to the bottom
of capillaries.
2.2.2. DLS samples
DOTAP/peptide/DNA complexes with the similar formulation to
SAXS samples were prepared in a volume of 1 ml for dynamic light
scattering (DLS) measurements. The concentration of the complex
was optimized for DLS measurement, where DNA was 1.12 μg/ml.
Complexes were incubated at room temperature for 30 min prior to
DLS measurement.
2.3. Small angle X-ray scattering (SAXS)
SAXS experimentswere performed at the Beamline 23A SWAXS end-
station at the National Synchrotron Radiation Research Center, Hsinchu
(Taiwan) [20]. Data were obtained with 14.0 keV (λ=0.886 Å) beam
and an area detector (MarCCD165, Mar USA, Evanston, IL) at a sample-
to-detector distance of 1.75 m. The scattering wave vector q=
4πλ−1sinθ (with 2θ the scattering angle) was calibrated using silver
behenate. SAXS proﬁles were circularly averaged from the isotropic
2-D patterns measured. All the SAXS data were corrected for back-
ground scattering and sample transmission. The ordered distance d
was calculated from the q value of the corresponding peak using
the relation d=2π/q.
2.4. Zeta potential measurement
Zeta potential measurements were done at 25 °C using a Malvern
Zetasizer Nano (Malvern Instruments, U.K.) with a laser source oper-
ating at a wavelength of 633 nm. The light scattered by the sample
was detected at an angle of 17° and zeta potential values were calcu-
lated from measured velocities using the Smoluchowski model.
3. Results and discussion
3.1. The charge ratio dependence of the internal organization of
lipid/peptide/DNA complexes
The internal structure of the lipid/peptide/DNA (LPD) complexes
of various compositions of lipid (DOTAP), peptide (ε-(LYR)K10) and
plasmid DNA was studied using synchrotron small-angle X-ray scat-
tering (SAXS). The composition of the LPD mixture is deﬁned by the
charge ratios of lipid to DNA (L/D) and peptide to DNA (P/D). The
total positive to negative charge ratio, CR+/−, is the sum of L/D and
P/D. Fig. 3 presents SAXS spectra grouped according to the value of
CR+/− for different compositions of DOTAP and ε-(LYR)K10. Binary
DOTAP/DNA (LD) complexes were examined for reference and the
corresponding SAXS spectra are shown in Fig. 3 at the top of the
each panel (black curves) with the LPD spectra below presented indecreasing L/D (increasing P/D) sequence. Spectral characteristics
and structural parameter are given in Table S1 of the Supplementary
material.
The data in Fig. 3 show that the peaks q001 and q002 (indicated by
black solid arrows in Fig. 3) of the lipid periodic lamellar structures
display an interlayer distances dinterlayer=2πn/q00n around 59 that
is independent of both mixture composition and CR+/−. The observed
distance is in agreement with a multilamellar structure containing
stacked lipid bilayers with intercalated monolayers of hydrated mol-
ecules of DNA (the reported thickness of pure DOTAP bilayer is
δ=37.2±0.3 Å [21]; DNA diameter is ~20 Å). This lamellar distance
indicates that for all LPD compositions, the DNA molecules remain
in close contact with DOTAP. In addition, there is a peak (qDNA, indi-
cated by pink dashed arrows in Fig. 3) corresponding to the DNA–
DNA correlation distance, dDNA, due to parallel ordering of the DNA
helices within the aqueous region between the bilayers. The DNA–
DNA distance (calculated from the equation dDNA=2π/qDNA) varies
as a function of the LPD compositions. It is important, however, to
note that for the ternary LPD complexes the major determinant of
the dDNA value is the total charge ratio of the composition, CR+/−.
For a given CR+/−, qDNA therefore remains unchanged with the varia-
tion of L/D and P/D. These results indicate that CR+/− is the major fac-
tor determining the internal organization of the lipid/peptide/DNA
complexes. Our data is consistent with previous results reported by
Koltover et al. [17] and Caracciolo et al. [22].
In Fig. 4, the average values of dDNA calculated for the ternary LPD
complexes are plotted as a function of CR+/−. The small error bars for
each value of dDNA indicate that the DNA–DNA distance is deﬁned by
the total charge balance of the LPD mixture (CR+/−) with variation of
the L/D and P/D ratios. However, dDNA (black squares in Fig. 4) dis-
plays two distinct regimes in the range of CR+/−. The increase of
CR+/− from 1 to 3 results in signiﬁcant rise of dDNA but the DNA–
DNA distance shows little change at CR+/− above 3.
To explain this general behavior we applied a simpliﬁed elec-
trostatic approach based on a Poisson Boltzmann polyelectrolyte
model developed in previous work to analyze the thermodynamics
of non-stoichiometric interactions of the polyelectrolyte DNA with
oligocations under conditions of DNA excess [23,24]. In the present
work, the LPD mixtures are characterized by an excess of positive
charge (lipid+peptide) over the negative charge of DNA charge
(CR+/−>1). Hence, the model described in the cited work was chan-
ged to the case considering the electrostatic free energy of binding of
a negatively charged polyanion (DNA) to positively charged polyca-
tions (lipid/peptide), where the positive polycation is in excess. A
detailed description of the method and calculated results is given
in the Supporting Text 1 of the Supplementary material.
Although this approach is simpliﬁed, it nevertheless gives a clear
indication that the interaction of all available polycations (cationic
lipids plus peptides) with a polyanion like DNA, results in signiﬁcant
gain of electrostatic free energy (Δgel). The important conclusion is
that elevated values of the charge ratio, CR+/− (in the range 1–3), re-
sults in a signiﬁcant decrease in electrostatic free energy (about 50%
reduction) compared to the initial Δgel, observed for a stoichiometric
(1:1) complex with CR+/−=1 (Fig. S1 of the Supplementary material).
We suggest that this simpliﬁed analysis explains the increase in
DNA–DNA distance in the lamellar phase of the LPD complexes
since insertion of peptides between DNA molecules, allows interac-
tion of a maximal amount of positively charged species with the
polyanion. Fig. S1 also shows that the major effect is reached for
CR+/− values between 1 and 2; but there is additional decrease of
Δgel for CR+/− values between 2 and 3. Furthermore, for CR+/−>3,
further addition of polycation does not noticeably facilitate binding
to DNA. The trend in the calculated electrostatic free energy matches
very well the experimentally observed increase of dDNA and surface
charge (see below) for the particles as a function of charge ratio,
CR+/− (Fig. 4).
Fig. 3. Synchrotron SAXS scans of the complexes DOTAP/DNA, DOTAP/ε-(LYR)K10/DNA at low (1; 1.5; 2) and high (3.0; 4.0; 7.0) total positive (peptide+DOTAP) to negative (DNA)
charge ratio, CR+/−, determined for different proportions of peptide and lipid in the mixtures (indicated in the graphs). Black solid arrows indicate the lipid lamellar peaks; pink
dashed arrows indicate the DNA–DNA correlation peaks.
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merical solution of the Poisson Boltzmann (PB) equation are in
agreement with similar considerations by Koltover et al. [17].
These authors used a related approach estimating dDNA from an
analytical solution of the PB equation under simpliﬁed assump-
tions. The observations of saturation for a system with reversed
charge stoichiometry (with excess of oligocations) indicate a gen-
eral polyelectrolyte behavior of polycation/polyanion mixtures.These authors, however, suggested that the limitation of intake of
excess cationic lipids may be due to electrostatic repulsion be-
tween the lipid bilayers. They argued that since the interaction be-
tween DNA and lipids overcome the electrostatic repulsion
between lipid bilayers to form the multilamellar stacks [15], the
limitation of the dDNA growth keeps complexes away from disas-
sembly. Our analysis suggests that the effect of saturation of the
DNA–DNA distance might be due to a purely thermodynamic
Fig. 4. Dependence of dDNA (black squares) and zeta potential (blue circles) of LPD
complex as a function of total (ε-(LYR)K10+DOTAP)/DNA charge ratio, CR+/−. Blue
circles denote the average zeta potentials calculated from all the formulations at a cer-
tain CR+/−. Black squares are the average dDNA of the LPD complexes with various for-
mulations at a ﬁxed CR+/− shown in Fig. 3. The dash line is guide to the eye. The error
bars were obtained by averaging the values of zeta potentials and dDNA values observed
for different LPD formulations.
1798 J. Yan et al. / Biochimica et Biophysica Acta 1818 (2012) 1794–1800effect, caused by the fact that the gain in electrostatic free energy
upon cation–DNA association will ceases for CR+/−>3.
A difference between our data and the results obtained by Saﬁnya
and co-workers [17] is that we observed a gradual increase of dDNA
with increase of CR+/− only in the ternary LPD mixtures. The binary
DOTAP/DNA formulations (where L/D=CR+/−, P/D=0) showed a
different dependence of dDNA on CR+/− (compared to the LPD com-
plexes): namely, a moderate change of dDNA with CR+/− was ob-
served for L/Db3; and only at high CR+/− values 4–7, did DNA–DNA
distance become comparable to the dDNA observed in the ternary
LPD mixtures at the same CR+/− (top spectra in each panel of Fig. 3;
Table S1). We suggest that this discrepancy has its origin in the
nature of the DNA applied in our study. We used supercoiled plasmid
DNA, whereas linear DNA was studied by Koltover et al. The ε-
oligolysines are capable of penetrating between the chains of the
supercoiled DNA, while the cationic groups of DOTAP are restricted
in their mobility being conﬁned in the lipid bilayer. Hence, a larger
excess of lipid cationic charge is required in the binary L/D systems.
3.2. Correlation between surface charge and dDNA
In addition to the SAXS studies of the internal structure, the zeta
potential of LPD complexes was determined for the same DOTAP–ε-
oligolysine–DNA formulations. In Fig. 4, dDNA values from the SAXS
study are combined with the values of zeta potentials and plotted as
a function of CR+/−. For each given CR+/−, similar values of zeta po-
tentials were observed for the LPD complexes differing in the L/D
and P/D values as indicated by small error bars in Fig. 4. LPD com-
plexes are negatively charged (~−28.8 mV) at CR+/−=1 but the
zeta potential reverses the sign to ~+3 mV when CR+/− increases
to 1.5. With further increase of CR+/−, a continuous rise is followed
by a plateau at ~+17 mV at CR+/−>3, implying that the positive
charge on the surface is saturated at CR+/−>3.
Fig. 4 clearly shows that the variation of the surface potential and
the change in dDNA inside the LPD complexes have similar depen-
dence on CR+/−. The increase in the DNA–DNA distance upon change
of CR+/− from 1 to 3 is accompanied by a signiﬁcant increase in the
zeta potential and a reverse in sign from negative to positive. These
results indicate that the positive molecules are incorporated inside
the complex as well as being present on the surface. The plateau atCR+/−>3 for both dDNA and zeta potential suggests that the associa-
tion of positive molecules tends to be saturated at CR+/−=3.
The zeta potential values determined in this work are in agree-
ment with the measurements reported in our previous work [12].
Speciﬁcally, we observed that the change of sign of the zeta potential
from negative to positive, is found at higher value of CR+/− compared
to the work that studied interaction between cationic lipids and DNA
at low concentration of salt [17]. In the cited work, the zeta potential
changed sign at CR+/− close to the point of the electroneutrality
(CR+/−=1). In the present work, we use higher salt concentration
to mimic the conditions of the transfection experiment (25 mM
Hepes, pH 7.05, 70 mM NaCl, and 0.75 mM Na2HPO4). This cation
concentration (below 100 mM) is not sufﬁcient to enable efﬁcient
competition with the ε-oligolysines for binding to DNA [25], but it is
high enough for Na+ ions to affect lipid–DNA binding. Under such
salt conditions (at CR+/− about 2), complexes of DNA with cationic
vectors have a negative zeta-potential [7,9,26]. Therefore, this differ-
ence in sign of the zeta potential could be explained by the competi-
tion between lipids and monovalent cations for neutralization of the
negative charge of the DNA molecules that are absorbed on the sur-
face of the particles (as discussed in detail in our earlier work [12]).
3.3. The effect of lipid–peptide composition on the internal organization
of lipid/peptide/DNA complexes
Although the internal structure of DOTAP/DNA is similar to DOTAP/
peptide/DNA complexes (Fig. 2), the values of dDNA at CR+/−=1.5
and 2 are larger in the presence of peptide. The composition of the
positive molecules may inﬂuence the internal structure in addition
to the total CR+/−. In Fig. 3 at CR+/−=1, 1.5 and 2 all LPD composi-
tions contain high lipid proportion, so that at least 50% the total pos-
itive charge is provided by DOTAP and L/D≥P/D. To illustrate the
inﬂuence of the relative amounts of the peptide and lipid on the
LPD structure, complexes with low lipid proportion (L/DbP/D) at
CR+/−=1, 1.5 and 2 were additionally studied. Fig. 5 shows the
SAXS spectra of complexes containing a low lipid proportion, i.e.
DOTAP contributes less than 50% of the total positive charge. Spectral
characteristics and structural parameter are summarized in Table S2.
At CR+/−=1, the signal intensity of the ﬁrst lamellar peak q001 is
signiﬁcantly reduced for L/D=0.33, and the lamellar peaks almost
vanish for L/D=0.17 (Fig. 5). This result shows that lipids are the
major building blocks to maintain the ordered multilamellar stacks.
At CR+/−=1.5, the LPD complexes containing low lipid proportion,
exhibit similar diffraction patterns as recorded for complexes with
higher L/D (shown in Fig. 3). However, there is an extra peak at
q*=~0.219 Å−1. This peak probably originates froma compact packing
of DNA chains corresponding to a dDNA* of ~28.7 Å originating from
DNA condensed by peptides in lipid-free aggregates. Ordered structure
with a peak at a similar position can be observed for peptide/DNA com-
plex without lipids at a peptide to DNA ratio, P/D=1. Under these con-
ditions, aggregates are formed and visually seen in the solution that give
rise to a weak peak in SAXS spectra that is likely to originate from the
DNA–DNA correlation in condensed DNA [27] (see Supplementary ma-
terial; Fig. S2). This suggests that two phases with different DNA pack-
ing regimes (dDNA*~28.7 Å and dDNA~33 Å) coexist at low L/D for the
LPD systems. The phase with the larger DNA–DNA spacing is similar
to the observations for LPD complexes at high L/D in Fig. 3 and sug-
gested to be a ternary complex, while the aggregate with shorter
DNA–DNA separation is attributed to DNA condensed by peptides.
The coexistence of the two phases with different qDNA also occurs for
CR+/−=2 (dDNA*~29.3 Å and dDNA~34 Å). However, we did not note
the presence of lipid-free peptide–DNA complexes whichwas observed
at high CR+/−, probably because the amount of lipid is sufﬁcient to
include all available DNA in the multilamellar phase.
Although DNA, polycations and cationic lipids can form a ternary
complex in a variety of formulations (with CR+/−=1–7), an excess
Fig. 5. Synchrotron SAXS scans of the complexes DOTAP/ε-(LYR)K10/DNA at total CR+/− (1, 1.5 and 2) determined for a low proportion of lipid in the mixture (indicated in the
graphs). Black solid arrows indicate the lipid lamellar peaks; pink dashed arrows indicate the DNA–DNA correlation peaks. The green arrows denote the peak attributed to
DNA–DNA correlation in the ε-peptide/DNA complex, indicated as qDNA*. The inset is the enlarged graph of the spectra in the box.
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for successful gene delivery. It is well recognized that a large excess of
positively charged vectors is needed to mediate optimal gene transfer
[1]. In LPD systems, a sufﬁcient amount of lipids is essential for struc-
turing of the complex. The necessity of an excessive amount of the
polycations is indicated in our earlier study where a signiﬁcant en-
hancement of the transfection was been observed for the ternary for-
mulations compared to the binary ε-peptides–DNA or DOTAP–DNA
recipes [12]. Since the major increase in surface charge is found for
CR+/−b3, we suggest that CR+/−>3 might be used in more directed
search for efﬁcient gene delivery formulations.
4. Conclusions
The nanostructures of DOTAP/ε-oligolysine/DNA complexes were
investigated by synchrotron SAXS and dynamic light scattering zeta
potential methods for varying composition of lipid and peptide in a
broad range of charge ratio, CR+/−. These ternary complexes display
multilamellar structures, in which interlayer spacing is largely insen-
sitive to the composition of the mixture (~59 Å). It was observed
that the separation between the DNA double helices inside the hydra-
tion layer of the multilamellar structure, dDNA, increases signiﬁcantly
with the increase of CR+/− in the range 1–3. Further CR+/− increase
above three does not inﬂuence dDNA. The DNA–DNA distance corre-
lates with the surface charge of the LPD aggregates (Fig. 4). According
to a thermodynamic analysis, the CR+/− dependence can be explained
by the gain in free energy due to the interaction of the DNA with the
maximal possible positive amount of lipid plus peptide charge. This ef-
fect is most signiﬁcant at low charge ratios, for CR+/− in the range 1–3.
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